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ABSTRACT The potential of Laser Induced Fluorescence de-
tection of the CH radical using C– X (0–0) excitation is in-
vestigated in a sooting methane/air diffusion flame at atmo-
spheric pressure. Fluorescence is detected using the very narrow
(< 0.4 nm) Q-branch of the C– X (0–0) band, which enables the
measurement of CH in sooting flames without interference from
PAH fluorescence and soot emissions. Absolute concentrations
are obtained using Cavity Ring Down Spectroscopy. 1D CH
profiles in the sooting zone are recorded using a CCD camera
with an excellent signal-to-noise ratio. The C–X (0–0) excita-
tion associated with Q-branch detection is shown to be three
times more efficient than the B–X scheme.
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1 Introduction

The detection of the CH radical in combustion pro-
cesses is an important task, since this radical is a key reactant
in the formation of prompt NO [1] and in the removal of
NO via reburning [2]. In addition, CH is implicated in soot
formation in hydrocarbon flames. This species exists in a rela-
tively narrow spatial and temperature region of the flame and
therefore experimental data concerning the CH radical pro-
vide very sensitive tests of chemical mechanisms for pollutant
formation. Its detection also allows the flame fronts of turbu-
lent flames to be located [3]. Because of the very low level
of CH in flames (mole fraction of a few ppm), its detection
requires highly sensitive techniques having good spatial reso-
lution, like laser induced fluorescence (LIF).

Different LIF excitation/detection schemes for CH have
been used, owing to the existence of three available electronic
transitions in the UV and visible regions: the A–X system
near 430 nm, which suffers from a strong off-resonance sig-
nal [4–7], the B–X system near 390 nm [3, 7, 8], and the C–X
system near 315 nm [9–11].

Since the C state is predissociated, most measurements
have been achieved using the first two systems in view of ob-
taining a higher fluorescence quantum yield, which is defined
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as Φ = A/(A+ Q + p), where A is the Einstein coefficient for
spontaneous emission, Q the electronic quenching rate, and
p the predissociation rate. A review of the different schemes,
with their advantages and drawbacks, has recently been pub-
lished by Luque et al. [12]. The choice of the spectroscopic
scheme depends on the flame conditions, the major difficulty
being avoiding the perturbation of Rayleigh and Mie scatter-
ing, because of the spectral proximity of the excitation and
emission wavelengths, and preventing the saturation of the
detector due to the flame emission. This difficulty is magni-
fied by the fact that the LIF signal produced by CH relaxation
is very weak. The second important point to consider con-
cerns the variation of the fluorescence quantum yield with
the flame conditions (temperature, pressure, and composi-
tion). Quantitative CH measurements require this variation to
be taken into account, particularly for applications at atmo-
spheric pressure [13].

In order to minimize the sensitivity of LIF measurements
to quenching variations, some authors recommend the exci-
tation of predissociated levels despite their associated low
fluorescence quantum yield. Collisional deactivation of CH
(C2Σ+) to CH (A2∆) and CH (B2Σ−) has been observed (ap-
proximately 10%) and used successfully to detect CH by LIF
in various atmospheric pressure flames [14]. Luque et al. [12]
have demonstrated that the excitation of the predissociated
B2Σ−v′ = 1, N ′ = 8 level of CH is well suited for quanti-
tative applications at atmospheric pressure. Previously, the
C2Σ+ electronic state of CH has been probed near 312 nm and
detection was achieved at 430 nm after C → A electronic en-
ergy transfer (EET) [9, 14, 15]. After that, Tsujishita et al. [10]
obtained nice single-shot images of CH in atmospheric turbu-
lent flames using the C2Σ+ (v′ = 1) ← X2Π (v′′ = 0) exci-
tation near 290 nm. The detection was achieved by collecting
the C2Σ+ (v′ = 1) → X2Π (v′′ = 1) around 315 nm. They
also tested the C2Σ+ (v′ = 0) ← X2Π (v′′ = 0) excitation as-
sociated with the collection of the C2Σ+ (v′ = 0) → X2Π

(v′′ = 1), but this scheme was found to be less efficient be-
cause of the off-diagonal detection. In both experiments, exci-
tation and detection were well separated because of the use of
different schemes (diagonal or off-diagonal) for excitation or
detection. To our knowledge, this scheme has not been inves-
tigated further.

In this work, we have reconsidered the promising C–X ex-
citation by proposing an original and very efficient excitation/
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detection scheme with a view to making quantitative CH
measurements in sooting flames at atmospheric pressure. In-
deed, in contrast to the other electronic schemes, the C–X
transition lies in a spectral region which is interference free
from the wide and intense flame emission that occurs in the
presence of polycyclic aromatic hydrocarbons (PAH) and soot
(flame emission at 315 nm is much lower than that at 430 nm
and a few times lower than that at 390 nm). Furthermore
the excitation of the predissociated C state leads to moder-
ately sensitive measurements of quenching variations. In this
work, the CH radical was excited using the P1(10) line of
the C– X (0, 0) band around 317 nm and the fluorescence was
detected on the intense Q-branch of the C–X (0, 0) band at
314.4 nm. This scheme is particularly well suited to atmo-
spheric pressure flame applications and competes well with
the commonly used excitations (A–X or B–X), which are af-
fected by a large collisional quenching at high pressure. The
fluorescence quantum yield of the C–X excitation/detection
scheme is shown to be at least as efficient as the B–X (0, 0)

system for quenching values higher than 7 ×107 s−1. 1D spa-
tially resolved detection of CH was obtained using a CCD
camera at the exit plane of a spectrograph with an excellent
signal-to-noise ratio, even in sooting flames.

This excitation/detection system was tested in two lami-
nar flames of methane, a non-sooting and a sooting flame, and
is shown to be very efficient, particularly in sooting flames be-
cause the detection is free from interference due to PAH and
soot emission in the flame. Experiments were performed in
atmospheric pressure diffusion flames stabilized on a three-
slot Wolfhard–Parker burner. Relative CH profiles were cali-
brated by cavity ring down (CRD) measurements performed
in an earlier work [11]. Such results are very important for
the understanding reaction mechanisms in sooting flames.
LIF measurements of radicals are scarce and there is con-
cern about the OH radical in the oxidation zone of sooting
flames [16–18]. To our knowledge, we report here the first
quantitative CH measurements in sooting flames.

2 Experimental setup

Figure 1 shows a schematic diagram of the burner
apparatus and of the optical setup used for the fluorescence
measurements. A laminar methane/oxygen/nitrogen diffu-
sion flame is stabilized on a Wolfhard–Parker (WP) burner
at atmospheric pressure. A mixture of methane diluted in ni-
trogen flows from the central slots and a mixture of oxygen
diluted in nitrogen flows from each of the two outside slots
(Table 1). The slots are 4 mm wide and 30 mm long. This
three-slot burner configuration (top view of the WP burner in
Fig. 1) produces two identical vertical flame sheets 25–30 mm
in length, which present approximately one dimensional char-
acteristics in the parallel direction with the slots. A wire mesh

Flame Comment % CH4 in N2 QCH4 (L min−1) QN2 (L min−1) QO2 (L min−1) QN2 (L min−1)
number central slot 2 outside slots

1 non-sooting 20 0.29 1.15 2.16 2.16
2 sooting 40 0.58 0.86 2.16 2.16
3 high sooting 80 1.15 0.29 2.16 2.16

TABLE 1 Mass flow rate condi-
tions for the investigated methane
diffusion flames. The mass flow
rates are given at room tempera-
ture and atmospheric pressure

FIGURE 1 Experimental setup. The Wolfhard–Parker (WP) burner is
schematically represented (top view). The r axis indicates the transverse di-
rection of the WP burner. PhD: photodiode. PMT: photomultiplier tube

is placed at the burner top to stabilize the diffusion flame. The
laser is aligned perpendicular to the slots (r axis). The sym-
metry about the burner centerline allows precise lateral profile
data to be obtained in the r direction. These profiles can be
recorded at different heights above the burner. According to
their visual appearance, a non-sooting flame and a sooting
flame were investigated. In the second flame, the soot was ox-
idized at the top of the burner leading to a non-smoking flame.

The laser system consists of a Quantel Nd:YAG laser
pumping a dye laser with a bandwidth of 0.22 cm−1. The laser
beam is focussed with a 500 mm focal length lens into the
flame. The beam waist diameter is estimated to be around
300 µm and is nearly constant across the burner. Most of the
measurements were performed with energies of a few mJ
per pulse in a non-saturated LIF regime. A section of the
laser beam 8 mm in length is imaged onto the entrance slit
of a flat field spectrograph by a combination of two spher-
ical lenses (200 mm focal length), providing 1 : 1 imaging.
The spectrograph (ARC Spectrapro, 300 mm focal length,
f/4, Czerny–Turner in line optical path) is equipped with
a 2400 grooves/mm ruled grating. A Peltier-cooled intensi-
fied CCD camera (Princeton Instruments) is mounted in the
exit focal plane of the spectrograph. The CCD camera has
a 16 bit dynamic range. One dimension of the CCD-chip (576
columns) corresponds to the spectral axis, while the other one
(384 rows) yields the spatial resolution along the imaged sec-
tion (8 mm). This configuration enables spatial and spectral
resolution of the fluorescence images. The temperature gradi-
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ent, which might perturb the propagation of the fluorescence
photons between the laser axis and the CCD, was not found to
distort the collected LIF images. Finally, a head-on photomul-
tiplier tube (Philips XP2020Q), which is adjustable, is placed
at the output slit to provide a bandpass adapted to the fluores-
cence band under investigation. The PMT signal is digitized
and stored by an oscilloscope (Tektronix DSA 602A, 1 GHz
bandwidth, 1 GS/s sampling rate) and later saved to a micro-
computer in order to record the LIF excitation spectra and to
test the fluorescence regime.

3 Excitation and detection conditions

In this section, the characteristics of the selected
C–X excitation/detection scheme of the CH radical are de-
tailed, particularly in terms of the signal-to-noise ratio in hos-
tile environments. A comparison with the commonly used
excitation schemes is also provided.

3.1 Quantum yield

The quantum yield of fluorescence Φ = A/(A +
Q + p) of predissociated states is very weak since the pre-
dissociation rate (p) is several orders of magnitude greater
than the emission rate (A). A predissociation lifetime for
C–X (v = 0) levels was proposed by Brzozowski et al. [19]
assuming the theoretical value for the radiative lifetime is
equal to 89 ns [20]. They deduced a predissociation lifetime
of about 10 ns for the lowest rotational levels. More recently,
the lifetime of the C2Σ+ v = 0 state was calculated from
linewidth measurements made under low pressure conditions
(0.1 mbar) and was estimated to be around 4 ns [21]. Hirano et
al. [9] assumed that the quenching time constant for the C state
is 1–2.5 ns at atmospheric pressure. Quenching rates recorded
in low pressure methane flames have been reported by Tamura
et al. [13]. The rates across the flame range between 8 ×106

and 10 ×106 s−1 for the A2∆ (v′ = 0) state. The extrapolation
of these experimental results to atmospheric pressure gives
a quenching rate of about 2.5 ×108 s−1.

Band Branch A (s−1) B (m2 J−1 s−1) Tr (ns) Tp (ns) Φ at P = 0 atm Φ at P = 1 atm BijΦ at P = 1 atm
for N ′ = 11 for N ′′ = 10 (Q = 0) (Q = 2.5×108 s−1) (m2J−1s−1)

A– X (0, 0) P 3.3 × 105 5 × 109 540 540 1 0.007 3.5×107

Q 8 × 105 1.4 × 1010

R 5.8 × 105 9.8 × 109

B–X (0, 0) P 7.5 × 105 8.5 × 109 370 370 1 0.011 8.5×107

Q 1.3 × 106 1.6 × 1010

R 5.7 × 105 7.3 × 109

C–X (0, 0) P 2.5 × 106 1.4 × 1010 112 4 0.036 0.018 2.5×108

Q 4.4 × 106 2.8 × 1010

R 2 × 106 1.3 × 1010

C–X (1, 0) P 3.9 × 103 1.8 × 107 124 2 0.016 0.011 1.2×105

Q 1.4 × 104 6.8 × 107

R 1.1 × 104 5.7 × 107

C–X (1, 1) P 2.2 × 106 1.3 × 1010 124 2 0.016 0.011 1.4×108

Q 4 × 106 2.5 × 1010

R 1.8 × 106 1.2 × 1010

TABLE 2 Transition parameters of the A– X, B–X, and C–X bands of the CH radical for rotational level N ′ = 11, according to LIFBASE [22]. (A: Einstein
coefficient of spontaneous emission, B: Einstein coefficient of absorption, Tr : radiative lifetime, Tp: collisional free lifetime, Φ: fluorescence quantum yield,
Q: quenching rate. Tr and Tp are given at P = 0.00 atm)

In view of comparing the efficiency of different excitation
schemes for CH, we report in Table 2 their radiative lifetimes,
collisional free lifetimes, and fluorescence quantum yields
taken from LIFBASE [22] for the rotational level N ′ = 11.
Two different collisional conditions were investigated: one
at zero pressure (Q = 0) and one at atmospheric pressure,
where the quenching rate was set to 2.5 ×108 s−1 according to
the extrapolation mentioned before. In the case of the A and
B states, p was set to zero while for the C state, the predis-
sociation rate was calculated to be 2.4 ×108 s−1 (v′ = 0) and
4.9 ×108 s−1 (v′ = 1). It can be seen that the C– X (0, 0) quan-
tum yield is the highest at atmospheric pressure. Considering
that the LIF signal is proportional to BijΦ, it turns out that the
C– X (0, 0) excitation/detection scheme is about 3 times more
efficient than the commonly used B–X (0, 0) scheme at atmo-
spheric pressure. Moreover, the predissociation rate that af-
fects the C (v′ = 0) state leads to less quenching sensitive LIF
measurements (2 times less sensitive than the B and A states).
One could limit this dependence by using the C– X (1, 0) band
and collecting the Q (1, 1) branch. However, this scheme suf-
fers from a lower quantum yield compared to that of the
C– X (0, 0) band.

3.2 Excitation transition

The detection of the C state of CH by laser in-
duced fluorescence suffers from interference due to OH fluor-
escence in the 310–320 nm spectral region corresponding to
the A–X band. Figure 2a shows an excitation LIF spectrum
recorded by collecting the LIF signal near (314± 1) nm at
a 3 mm height above the burner (HAB), where the laser beam
crosses through the two flame fronts. The simulated spectra
of OH and CH were obtained from LIFBASE [22]. The two
simulated spectra, which were added and scaled arbitrarily,
are presented in Fig. 2b. By comparing both the simulated
and experimental spectra, the isolated CH lines emerge dis-
tinctly and can be assigned to the P1(10) and P2(10) lines
at 317.3 nm. Finally, the CH profiles were obtained by ex-
citing the P1(10) line of the C–X (0–0) band at 317.3 nm
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FIGURE 2 LIF excitation spectra of OH and CH radicals. a Experimental
spectrum obtained at 3 mm (HAB) by collecting the fluorescence at (314±
1) nm. b Simulated spectra of OH and CH obtained by LIFBASE [22] at
1800 K using an arbitrary scaling factor

with a few mJ per pulse. At 3 and 7 mm HAB, a laser energy
study showed that the LIF measurements were performed
under non-saturated conditions. Rotational lines involving
N ′′ = 10 have a small sensitivity to temperature variations.
For a 1300–2000 K temperature range, the fractional popula-
tion in N ′′ = 10 varies by ±5%.

3.3 Detection band

In Fig. 3, we show a simulated spectrum of the
C–X (0, 0) emission for the CH radical obtained by LIF-
BASE [22] at 1800 K. It can be seen that the Q-branch is

FIGURE 3 Simulated spectrum of CH emission for the C– X (0, 0) band
using LIFBASE [22] at 1800 K

very congested (< 0.4 nm). Thus, by selecting this appropri-
ate spectral width on the CCD camera, a very efficient collec-
tion of the fluorescence (about 50% according to the A values
in Table 2) can be obtained with a very high rejection of inter-
ference due to flame emission, PAH broadband fluorescence
and OH fluorescence. Using this detection scheme, CH fluor-
escence profiles along the spatial dimension of the burner
(r axis, 8 mm long) can be recorded at different heights above
the burner with an excellent signal-to-noise ratio.

4 Results and discussion

4.1 In the non-sooting flame

In a previous study [11], CH profiles were obtained
by cavity-ring-down spectroscopy (CRDS) in a non-sooting
diffusion flame. The CRD measurements were carried out by
probing the P1(8) transition with the laser aligned with the
burner slots. Figure 4a and b show the comparison between
the LIF profiles recorded with a CCD camera and the CRD
measurements at two heights above the burner, h = 3 and
6 mm, in the flame 1. The LIF measurements were performed
by probing the P1(10) line of CH. The fluorescence was col-
lected either using the Q-branch of the C–X band or using
the A–X emission near 430 nm subsequent to the electronic
energy transfers (EET) from the C state.

The variation of the Boltzmann fraction between the two
experiments (LIF and CRDS) does not affect the shape of the
CH profiles because of the narrow flame temperature range
in which CH is present. The LIF profiles are narrower than
those obtained by CRDS. Typically, the FWHM of the LIF

FIGURE 4 CH profiles obtained by LIF upon P1(10) excitation in the
C– X (0, 0) band. Collection was performed on the C– X (0, 0) Q-branch
(bold solid line) and after electronic energy transfer on the A– X band (thin
solid line). Profiles have been scaled in absolute value using previous CRDS
measurements (symbols) [11]. The profiles were recorded at 3 mm (a) and
6 mm (b) above the burner in flame 1 (Table 1)
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profile at h = 6 mm is approximately 1 mm. The difference is
due to the lower spatial resolution of the spatially integrated
CRD measurements. The same observation has been made
previously [11].

However, good agreement between LIF and CRD pro-
files is found for the two heights above the burner. As CRD
measurements are not affected by quenching, this agreement
could indicate that the quenching variations across the flame
are weak and do not affect the fluorescence quantum yield.
This good agreement allows an absolute quantification of the
profiles on the basis of CRDS measurements in the tempera-
ture range of the flame. The profiles were scaled in abso-
lute concentration using the peak value of the CRDS profile
at 3 mm [11]. The absolute peak concentration was found
to be 2.5 ×1018 m−3 and corresponds to a mole fraction of
0.57 ppm.

From Fig. 4, the signal-to-noise ratio is shown to be much
higher using the C–X detection rather than the A–X detec-
tion after EET. However, the good agreement between the
shape and the magnitude of the CH profiles recorded using the
two detection schemes indicates that EET is weakly affected
by the change of the flame conditions with HAB and radial
position.

4.2 In sooting flame

Figure 5 shows a 1D-spectral image recorded by
the CCD camera/spectrograph detection system in the high
sooting flame 3 (Table 1). This result was obtained in a sooting
zone. Around 317 nm, elastic scattering is present along the
laser beam, particularly in the sooting zone due to strong Mie
and/or Rayleigh scattering from soot particles. For shorter
wavelengths, the spectrum only exhibits the intense Q- and
R-branches of C–X CH fluorescence. Figure 6 shows CH pro-
files in the sooting flame 2 (Table 1) obtained by selecting
a bandwidth corresponding to the Q-branch.

Because of the weak quenching dependence of C–X LIF
measurements, the calibration via CRD measurements used

FIGURE 5 1D-spectral LIF image of CH radical recorded by the
CCD/spectrograph detection system in the high sooting flame 3 (Table 1).
The excitation wavelength was near 317 nm in order to probe the P1(10) line
in the C– X (0, 0) band

FIGURE 6 CH LIF profiles (bold solid line) obtained in the sooting flame 2
(Table 1) at h = 3 mm (a) and h = 6 mm (b). The flame emission at 650 mm
(thin solid line) is given (arbitrary units on the right part) in order to locate
the soot. The 650 nm emission profile at 3 mm has been magnified by a fac-
tor of 50 compared to that at 6 mm. The LIF profiles have been calibrated in
absolute concentration using CRDS calibration in flame 1

first for flame 1 (non-sooting flame) was applied to flame 2
(sooting flame).

In order to locate the soot, we recorded the flame emis-
sion at 650 nm. The intensity at h = 3 mm is magnified by
a factor of 50. The remaining signal in the middle and out-
side the burner was due to the gas emission at this wavelength.
Even in the presence of soot, the CH radical surrounding the
particles was detected with an excellent signal-to-noise ratio.
Preliminary results indicate that the CH concentration and its
consumption in the early steps of soot formation are very close
to those obtained in the non-sooting flame.

5 Conclusion

We have demonstrated the high potential of the
C– X (0, 0) excitation/detection system, which is particularly
attractive for the study of hostile media like sooting flames.
The Q-branch shows a very narrow bandwidth (< 0.4 nm)
and is sufficiently separated from the excitation wavelength.
These characteristics make the C–X (0, 0) excitation/Q de-
tection system very efficient and totally free from interference
from the background signal (LIF from different species, flame
emission, PAH fluorescence, Rayleigh and Mie scattering).
The good agreement between CRD and LIF spatial profiles
across the flame front suggests that the variation of quench-
ing from the C state should not noticeably affect the fluor-
escence in the studied flame. This information confirms the
quantitative features of CH LIF imaging performed with the
C– X (0, 0) excitation/detection scheme. In different flames
(with or without soot), the profiles for CH exhibit very good
signal-to-noise ratios. Further work will concern (1) simul-
taneous detection of OH and CH using a single laser around
317 nm and (2) obtaining 2D images of CH in sooting flames
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using the selected excitation scheme and a narrow band filter
centered at 314 nm.
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The Centre d’Etudes et de Recherches Lasers et Applications (CERLA) is
supported by the Ministère de la Recherche, the Région Nord-Pas de Calais,
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